The molecular epidemiology of penicillin-resistant Streptococcus pneumoniae strains causing meningitis in children was studied in France. Typing procedures included analysis of total DNA polymorphism by random amplification of polymorphic DNA, restriction fragment length polymorphism (RFLP) analysis of the ribosomal RNA gene regions, and pulsed-field gel electrophoresis. Penicillinbinding protein (PBP) genes pbp2b and pbp2x were studied by RFLP analysis and DNA sequencing in selected cases. Statistical analysis of the data by factorial analysis of correspondence established that the emergence of penicillin-resistant pneumococci in this pathology is the result of the spread of two highly resistant closely related clusters and a cluster of serotype 23 strains with an intermediate level of resistance, the spread of genes confering high resistance to penicillin between the two highly resistant clusters, and complex genetic events involving the pbp genes in a heterogeneous population of strains leading to an intermediate level of resistance.
The molecular epidemiology of penicillin-resistant Streptococcus pneumoniae strains causing meningitis in children was studied in France. Typing procedures included analysis of total DNA polymorphism by random amplification of polymorphic DNA, restriction fragment length polymorphism (RFLP) analysis of the ribosomal RNA gene regions, and pulsed-field gel electrophoresis. Penicillinbinding protein (PBP) genes pbp2b and pbp2x were studied by RFLP analysis and DNA sequencing in selected cases. Statistical analysis of the data by factorial analysis of correspondence established that the emergence of penicillin-resistant pneumococci in this pathology is the result of the spread of two highly resistant closely related clusters and a cluster of serotype 23 strains with an intermediate level of resistance, the spread of genes confering high resistance to penicillin between the two highly resistant clusters, and complex genetic events involving the pbp genes in a heterogeneous population of strains leading to an intermediate level of resistance.
Pneumococcal meningitis in children is associated with considerable morbidity and mortality. As in many other parts of the world [1] , an increase in the prevalence of Streptococcus pneumoniae isolates with diminished susceptibility to penicillin G has been observed in France; these represented 38% of isolates obtained from cerebrospinal fluid (CSF) of children in 1993 [2] . Optimal treatment of meningitis caused by strains displaying cefotaxime or ceftriaxone MICs >0.5 ji,g/mL remains unestablished. Penicillin resistance involves the emergence of altered forms of penicillin-binding proteins (PBPs) with a decreased affinity for ,B-Iactam antibiotics [3] . In penicillin-resistant strains, such altered forms have been reported for at least four of the five high-molecular-weight PBPs (la, 1b, 2a, 2x, and 2b), either individually or in association. Lowaffinity forms of PBPs appear to have arisen by interspecies recombination, presumably mediated by genetic transformation, in which parts of the pneumococcal pbp genes were replaced with the corresponding regions from the homologous pbp genes of closely related species [4] . Indeed, the pbp genes in penicillin-resistant strains have a mosaic structure, consisting of regions that are very homologous to the corresponding region in the genes from penicillin-susceptible pneumococci and regions that differ by as much as 20% in nucleotide sequence [4] [5] [6] .
Distinction between the spread of resistant strains (clonal spread) and the spread of resistance genes (horizontal spread) can be achieved by using methods that can index both the overall genetic relatedness between isolates and the relatedness of their penicillin resistance genes [7, 8] . Indeed, resistant pneumococci that are not closely related genetically but that contain identical altered pbp genes can be proposed to have arisen by horizontal spread, whereas isolates that are indistinguishable in terms of both their overall relatedness and the relatedness of their pbp genes are clearly the result of clonal spread. The purpose of the present work was to evaluate the relative importance of clonal and horizontal spread of resistance in pneumococcal strains isolated from children with meningitis living in France.
Materials and Methods
Bacterial isolates. A total of 34 S. pneumoniae isolates were studied. Thirty-one S. pneumoniae isolates with diminished susceptibility to penicillin G were recovered from CSF of children with meningitis between 1987 and 1992 in different cities widely separated geographically across France. Two penicillin-susceptible reference strains (R6 and the type strain of the species, ATCC 33400) and a member of the serotype 23F multidrug-resistant Spanish clone were also included in the study. These isolates and their relevant properties are listed in table 1. Penicillin and ceftriaxone MICs were determined by the dilution method on MuellerHinton agar supplemented with 5% sheep blood. The replicator prong delivered~10 4 cfu/spot onto a blood agar plate. Serotyping was done by coagglutination with antisera-coated latex particles.
DNA extraction. Bacterial isolates were grown in 20 mL of TOY broth (Diagnostic Pasteur, Marnes-la-Coquette, France) for 4 h. After centrifugation, DNA was prepared from the bacterial pellet as described [9] .
Random-amplified polymorphic DNA (RAPD). Random polymerase chain reaction (PCR) was done using three different primers: 5'-GCCCCCAGGGGCACAGT-3' (2l7d2), 5'-TCACGAT-GCA-3' (RAPD IV), and 5'-TGGGAOOTGTATAGTCTA-3' (628). These were selected from 10 primers tested for their highest discriminatory power. PCR was done as described [10) . Amplification products were resolved by electrophoresis on a 2% agarose gel, detected by staining with ethidium bromide, and visualized with a UV transilluminator. Electrophoretic patterns were compared taking into account the presence or absence of DNA bands, regardless of their relative intensity.
Restriction fragment length polymorphism (RFLP) analysis of the ribosomal RNA genes (rrn). DNA was digested with HindIlI and EcoRI (Boehringer Mannheim, Mannheim, Germany) according to the manufacturer's instructions and analyzed by Southern blotting with a chemiluminescence-labeled ribosomal probe as described [9] .
Pulsed-field gel electrophoresis (PFGE). DNA embedded in agarose blocks was prepared using the GenePath group 1 reagent kit (Bio-Rad Laboratories, Hercules, CA) and digested with Sma!.
Contour-clamped homogeneous electric field electrophoresis was done using the GenePath instrument (Bio-Rad) and the program Sta.
pbp gene RFLP patterns and sequencing analysis. pbp2b and pbp2x were PCR-amplified from chromosomal DNA using the primers previously described [5, 6] . DdeI and AluI were used for pbp2b, and DdeI and HinfI were used for pbp2x. After digestion of the amplified fragments, electrophoresis was done on 6% polyacrylamide gels. Gels were stained with ethidium bromide and the DNA bands were visualized with a UV transilluminator. The PCR products of the pbp2b and pbp2x were used for direct sequencing (model 373 sequencer; Applied Biosystems, Foster City, CA) by a modified method of Sanger [II). The initial DNA primers for sequencing were those used for peR amplification. Subsequent primers were synthesized every ±300 nuc1eotides according to a primer walking strategy as sequencing information was generated.
Statistical analysis. Data were summarized as 10 two-way tables (3 tables for the RAPD data with the three primers, 2 tables for RFLP analysis of ribosomal RNA genes with the two endonucleases, 1 table for the PFGE data, 2 tables for pbp2b RFLP pattern with the two endonuc1eases, and 2 tables for pbp2x with the two endonuc1eases). Each table contained 34 rows, I for each strain, and the number of columns corresponded to the number of DNA fragments detected by RAPD, ribotyping, PFGE, or RFLP analysis of the pbp genes. For each column, the DNA fragment was coded (by strain) as a binary code, present = 1 or absent = O. From each table, a factorial analysis of correspondence (FAC) [12] [13] [14] was done using a model MP 100 Olivetti computer running with STAT-ITCF software (lnstitut Technique des Cereales et des Fourrages, Paris) [15] .
Results
Bacteriologic data. Serotypes and MICs of the studied isolates are presented in table 1. The majority of the clinical isolates (64%) belonged to serotype 23. Sixteen isolates displayed an intermediate level of resistance to penicillin (MICs, 0.1-1 j-tg/mL) and 15 a high level of resistance (penicillin MIC, ;::::2 j-tg/mL). Ceftriaxone MICs were lower than penicillin MICs for all isolates, varying from :::::;0.03 to 1 j-tg/mL: 18 isolates were susceptible according to the guidelines of the National Committee for Clinical Laboratory Standards (MIC, :::::;0.5 j-tg/mL), 13 isolates displayed an intermediate level of resistance (MIC, 1 j-tg/mL), and none was resistant.
RAPD data. Amplification with primers 628, 2I7d2, and RAPDIV generated 3-5, 2-7, and 1-7 fragments per isolate, respectively, in a size range of 400-2000 bp. Altogether, 6, 12, and 11 different fragments were obtained with each of the three primers. Among the 34 studied isolates, 10, 9, and 14 individual patterns were observed. Figure 1A shows some examples of patterns obtained with primer 217d2.
rrn RFLP data. Digestion with HindIII gave 5-8 rrn-containing fragments per isolate. A total of 16 distinct fragments was obtained, the combination of which generated 14 different patterns among the 34 isolates studied. Digestion with EcoRI gave 6-9 fragments per isolate. A total of24 distinct fragments was obtained, and the combination of these fragments generated 16 different patterns among the 34 isolates. Examples of these rrn RFLP patterns after HindIII restriction are shown in figure IE .
PFGE data. Analysis of the patterns was limited to the 95-to 440-kb molecular size range. Digestion with SmaI gave 6-11 fragments per isolate. A total of 24 distinct fragments was obtained, and combination of these fragments generated 25 patterns among the 34 isolates studied. The pattern of the penicillin-susceptible R6 strains was in agreement with the genomic map of the S. pneumoniae chromosome as established by Gasc et a1. [16] . Examples of these PFGE patterns are shown in figure 1C .
pbp gene RFLP data. Analysis was limited to the fragments longer than 50 bp. Ten different RFLP patterns were found for pbp2b and 12 for pbp2x, altogether generating 15 pbp gene patterns (I -XV; table 2). Patterns observed for the R6 strain were in agreement with the published sequences of its pbp genes [5, 6] . All clinical isolates gave pbp2b and pbp2x patterns that differed from those of the penicillin-susceptible strains. In all but 1 case (isolate 7197), the isolates with penicillin MIC ;:::: 1 mg/L, including the Spanish strain, had an identical pattern for pbp2b. This pattern is in agreement with the pbp2b sequence of members of the 23F clone published by Dowson et al. [4] . A single pbp2x pattern was found for all of the isolates with MIC ;:::: 1 j-tg/mL, including the Spanish strain, except
Statistical analysis. Data were analyzed by FAC. FAC is a multidimensional statistical analysis based on the main axes of inertia of a scatter plot associated with strains described by the variables. In most cases, the principal axes (FI, F2) account for the majority of the variability in the original data. The technique describes the dispersion and shape of a cloud of n objects or p variates in a multidimensional space by replacing the original data set by a new set of orthogonal linear coordinates in a space of significantly lower dimension. The explained variances of the elements of the data set are in decreasing order of magnitude with respect to these new coordinates.
A FAC was carried out with the RAPD data resulting from the combination of the three primers and the ribotyping data resulting from the combination of the two endonucleases. Projections of isolates in the plane F 1, F2, which accounted for 39.1 % of the total variance, indicated that the isolates of serotype 23 with penicillin MIC~1 /-lg/mL were distinguished by the negative values of the first axis with the exception of the strain 7197 ( figure 3, cluster A) . Of interest, this strain is chronologically the first penicillin-resistant strain to have been isolated in France from children with meningitis. Isolates of serotypes 9 and 14 with penicillin MICs ;:::: 1 /-lg/mL were projected on the positive values of the second axis (cluster B). Among the isolates with penicillin MICs < 1 /-lg/mL, 4 isolates of serotype 23 (isolates 7473, 8702, 9566, 17542; cluster C) were clearly distinguished from those of other serotypes. These 4 isolates were chronologically and geographically widely distributed. Two of them (7473 and 8702) were completely identical. The 2 penicillin-susceptible reference strains were not distinguished from the remaining strains with intermediate penicillin resistance.
The FAC done with the PFGE data gave the same results (data not shown). A FAC was carried out with the pbp RFLP data obtained with Alul for pbp2b and HinfI for pbp2x. The projection of strains on the plane F1, F2, which accounted for 34.5% of the total variance, indicated that the isolates of serotypes 9, 14, and 23 with penicillin MICs~1 /-lg/mL were Until 1987, the incidence of penicillin-resistant pneumococcal strains in France was very low. Since then, it has increased regularly from 3.8% in 1987 to 20.1 % in 1992 [2] . The French situation is characterized by the following features: An important proportion of highly resistant strains is observed (in 1992, 67.3% of these strains had penicillin MICs~1 ,ug/mL); the resistant isolates belong to a limited number of serotypes (serotypes: 23, 9, 19, 6, 15, 14) ; and the number of isolates combining multiresistance with penicillin resistance is high (70% in 1992) [2] . In children with meningitis, rates of resistance have also dramatically increased, from < 5 t yo in 1987 to 26% in 1992 and 38% in 1993 [2] . This rapid increase provides an exceptional opportunity to gain insight into the mechanism(s) involved in the geographic spread of penicillin resistance in pneumococci as also observed in several countries.
The fact that the vast majority of penicillin-resistant strains isolated from meningitis patients in France belong to only 3 serotypes (serotypes 23, 9, 14) has led to the suggestion that the increase in incidence is mostly due to the spread of a limited number of clones [2] . Indeed, based upon the results of our overall genomic DNA analysis, three clusters of penicillinresistant pneumococci seem to be implicated in children with meningitis. One cluster includes strains of serotype 23 with low-level penicillin resistance (MICs, 0.25 ---0.5 flg/mL). The two other clusters are closely related and include strains displaying penicillin MICs~1 l1.g/mL; one cluster includes strains of serotype 23 and one cluster strains of serotype 9 or serotype 14. The cluster of highly resistant strains of serotype 23 includes the multidrug-resistant 23F Spanish clone, which has been prevalent in Spain over the past 2 decades and has now spread worldwide [8, 18] . Similarly, strains of serotype 9V are now frequently encountered in France [2] and probably derive from the recently described Spanish 9V clone [19] . However, relatedness between this Spanish clone and our cluster of serotype 9 and 14 strains was not documented in this study. The hierarchical clustering observed revealed that the 2 groups of isolates with penicillin MICs~1 l1,g/mL were more closely related to each other than to the isolates with penicillin MIC < 1 flg/mL.
Among the 21 isolates with penicillin MICs~1 ,ug/mL, the pbp genes exhibited three RFLP profiles (patterns 1, 11, and III) after Alul, HinfI, or DdeI digestion; one of these profiles (pattern I) was found in 18 of the 21 isolates. pbp gene sequence analysis confirmed the RFLP data in that only two and four nucleotide substitutions were observed within the 1.4-kb and 2.0-kb studied regions ofpbp2b and pbp2x genes, respectively, among 3 representative strains exhibiting pattern 1. These substitutions were randomly observed at a specific position among strains, and no correlation was found with the whole genomic DNA classification (cluster A and B). These slight nucleotide differences observed within the pbp genes could be attributed to a random mutation background, as strains were isolated in distinct geographic areas between 1984 and 1992. The existence of highly similar pbp genes in two genetically related but distinguishable clusters of isolates argues for horizontal transfer of the genes between these two clusters. In the same way, Coffey et al. [7] showed that the Spanish clones of serotype 9V and of serotype 23F harbor identical pbpl G, pbp2b, and pbp2x, suggesting horizontal transfer between them. It can be postulated that this transfer was chronologically subsequent to the clonal divergence between these isolates. Indeed, the two clusters we identified are sufficiently different for the divergence to have occurred before the emergence of penicillin resistance. If 600-500-400-320-
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B the transfer of the pbp genes had been prior to the clonal divergence, then the pbp genes should display the same level of divergence as the overall genomic DNA, which is not the case.
In contrast, isolates with penicillin MICs < 1 f.lg/mL seem to be genetically heterogeneous, except for a cluster of serotype 23 strains. pbp genes of these isolates were very polymorphic, since among 11 isolates, six profiles were detected for pbp2b and eight profiles for pbp2x. A similar diversity was found in isolates from Spain and South Africa [7, 20] . None of the profiles we obtained for these strains were in accordance with the published sequences of pbp2b and pbp2x genes [21], indicating the high level of heterogeneity within pbp genes conferring an intermediate level of penicillin resistance.
Thus, the emergence of penicillin-resistant pneumococci involved in meningitis in France is the result of the spread of a limited number of resistant clusters, the spread of genes conferring high resistance to penicillin from a resistant cluster to another cluster, and complex genetic events involving the pbp genes in a population of heterogeneous strains leading to an intermediate level of resistance.
These results confirm the previous finding that strains classified on the basis of capsular serotype are genetically heterogeneous but that the combination of serotype and MIC remains a good tool to classify the isolates. As reported by Hermans et al. [22] , genetic clustering of pneumococci is independent of the method used for typing by analysis of whole DNA and argues for the clonal population structure of the pneumococcal species [15, 23, 24] . In this naturally transformable bacteria, horizontal gene transfer may involve only genes conferring adaptive advantages to enhance survival, such as antibiotic resistance genes or genes involved in capsular biosynthesis. Further studies on a more extensive panel of pneumococci of various serotypes and of various clinical and geographic origins are required to draw the definitive epidemiology of S. pneumoniae and of pbp genes. Because ,B-lactam antibiotics are often used as an empiric treatment for childhood meningitis, the early detection of strains with decreased susceptibility to ,B-lactam antibiotics is essential. PCR could be used to guide therapy in the early stages of bacterial meningitis by detecting resistance genes directly in CSF samples. Tenover et al. [25] developed PCR primers specific for the ampicillin resistance gene to detect the resistance gene directly in CSF samples previously shown to contain Haemophilus influenzae. Because the RFLP pattern of pbp2b after digestion by DdeI or AluI seems particularly stable and correlated with a penicillin MIC~I ll,g/mL, PCR-RFLP could be a good tool to detect directly, in CSF samples, strains with high resistance to ,B-lactams (penicillin MICs~1 j.lg/mL) for which new therapeutic regimens have been proposed [26, 27] .
Our study documents the long-distance geographic spread in France of two clusters of highly resistant pneumococcal strains This observation emphasizes the necessity for a protein-conjugated polysaccharide vaccine that is effective in infants and young children against these major resistant clusters.
